The membrane attack complex and perforin proteins (MACPFs) and bacterial cholesterol-dependent cytolysins (CDCs) are two branches of a large and diverse superfamily of pore-forming proteins that function in immunity and pathogenesis. During pore formation, soluble monomers assemble into large transmembrane pores through conformational transitions that involve extrusion and refolding of two α-helical regions into transmembrane β-hairpins. These transitions entail a dramatic refolding of the protein structure, and the resulting assemblies create large holes in cellular membranes, but they do not use any external source of energy. Structures of the membrane-bound assemblies are required to mechanistically understand and modulate these processes. In this Commentary, we discuss recent advances in the understanding of assembly mechanisms and molecular details of the conformational changes that occur during MACPF and CDC pore formation.
Introduction
Pore-forming proteins (PFPs) are initially soluble proteins that can bind to membranes, oligomerise and convert to membrane-inserted pores of 1-50 nm in diameter that are formed of six to 50 or more subunits (Peraro and van der Goot, 2016) . PFPs are produced by a variety of organisms and are often involved in attack or defence mechanisms. Depending on the secondary structure elements that form the transmembrane pores, PFPs are broadly classified as α-PFPs, which utilise amphipathic α-helices for pore formation (e.g. Cry toxins produced by Bacillus thuringiensis (Ounjai et al., 2007; Pardo-López et al., 2013) , diphtheria toxin (Leka et al., 2014; Ghatak et al., 2015) and colicin produced by Escherichia coli (Cascales et al., 2007; Housden and Kleanthous, 2012) ; or as β-PFPs with pores built of amphipathic β-hairpins organised into a transmembrane β-barrel (for example, anthrax protective antigen (Collier, 2009; Jiang et al., 2015) , aerolysin toxin produced by Aeromonas hydrophila (Degiacomi et al., 2013) and α-hemolysin of Staphylococcus aureus (Menestrina et al., 2003; Sugawara et al., 2015) . Many PFPs are bacterial toxins and are able to damage host membranes to gain access to cells or cell contents, or to kill cells. For example, perfringolysin O, a β-PFP produced by Clostridium perfringens, is cytotoxic at high concentrations against host leucocytes and macrophages, thereby eliminating inflammatory cells of the host immune system at the site of clostridial gangrene lesions (Popoff, 2014) . Other PFPs can translocate across membranes. For example, colicins are α-PFPs produced by some Escherichia coli strains to reduce competition from other strains. Colicins translocate across the outer membrane of target cells and then deliver a lethal hit by forming small pores in the inner membrane, or by exerting their endonuclease activity on DNA or RNA (Cascales et al., 2007) . Other PFPs, such as anthrax toxin produced by Bacillus anthracis (Collier, 2009) or perforin, a protein of the immune system (Voskoboinik et al., 2015) , enable passage of effector proteins. Anthrax toxin delivers edema factor and lethal factor, which lead to killing of macrophages and facilitate tissue invasion by bacteria. The transfer of granzyme proteases through perforin pores initiates apoptosis of target cells and is a key step in the immune surveillance of cytotoxic lymphocytes against virus-infected or transformed cells (Voskoboinik et al., 2015) .
In this Commentary, we focus on the structure and mechanism of one of the largest families of β-PFPs, the membrane attack complex, perforin and cholesterol-dependent cytolysin (MACPF-CDC) superfamily. This superfamily of PFPs includes the key immune mediators perforin and the terminal components of the complement system, as well as a family of bacterial toxins that is important in virulence. We will review here recent structural and biophysical studies that have afforded insights into assembly intermediates and membrane-inserted pore forms.
The MACPF-CDC superfamily
The MACPF family of proteins was initially defined by the structural and functional similarities between the C7, C8 and C9 proteins of the membrane attack complex (MAC) in the complement system and perforin, the above-mentioned pore-forming protein that is secreted by activated T-lymphocytes (Tschopp et al., 1986) . The complement system was discovered over a century ago by the immunologist Jules Bordet, who described it as the ability of blood plasma factors to lyse bacteria. It is now understood that the complement system involves a cascade of activation reactions that ultimately triggers pore formation by the C9 complement component of the MAC (Bubeck, 2014; Merle et al., 2015) . In the 1980s, a related pore-forming protein, perforin, was characterised in cytotoxic T-lymphocytes and natural killer cells in the blood (Podack and Dennert, 1983; McCormack et al., 2013) . As noted above, perforin plays a key role in immune surveillance because perforin pores enable delivery of lethal granzyme proteases into virus-infected or cancerous cells (Voskoboinik et al., 2015) . The MACPF family is extremely diverse − its members function in immunity and pathogenesis across all kingdoms of life (Kondos et al., 2010) . For example, MACPF proteins facilitate the invasion and/or proliferation of intracellular pathogens, such as Toxoplasma gondii, Plasmodium falciparum and Chlamydia, all of which must traverse cellular membrane barriers during their life cycles (Blackman and Carruthers, 2013; Taylor and Nelson, 2014, Wade and . In addition, several MACPF proteins have roles in embryonic development (Estévez-Calvar et al., 2011; Johnson et al., 2015) and in neural migration (Kawano et al., 2004; Giousoh et al., 2015) .
The CDC family includes some important virulence factors, most of which are produced by Gram-positive bacteria, such as Clostridium, Streptococcus and Listeria (Tweten, 2005; Heuck et al., 2010) . CDC proteins form large transmembrane pores that comprise 35-50 monomers and range from 25 to 30 nm in diameter. These pores disrupt plasma membranes and thus cause cell death by necrosis. CDCs are secreted, with the exception of pneumolysin, a major virulence factor of Streptococcus pneumoniae. Pneumolysin lacks an N-terminal secretion signal (Walker et al., 1987) and is released after bacterial autolysis. It is also released in high concentrations from bacterial cells after antibiotic therapy, which results in host cell necrosis and can, in some circumstances, lead to permanent tissue and organ damage (Hirst et al., 2004) .
Some pathogens (Listeria monocytogenes and Listeria ivanovii) release their CDC (listeriolysin) inside host cells. Following their internalisation, Listeria initially reside in an endosome. Here, listeriolysin pore formation is essential for the bacteria to escape from this phagocytic vesicle into the cytoplasm, where they can divide and then spread from cell to cell; this pathway avoids exposure of the bacteria to the extracellular environment and thus detection by immune surveillance systems (Seveau, 2014) .
Proteins of the MACPF and CDC families have no detectable sequence similarity. These families were therefore considered to be unrelated until the first atomic structures of MACPF proteins were determined (Rosado et al., 2007; Hadders et al., 2007) , which revealed the structural homology with the CDCs (Rossjohn et al., 1997) . Crystal structures of CDC and MACPF monomers reveal a central pore-forming domain comprising a bent and twisted β-sheet that is flanked by three clusters, usually comprising α-helices (Fig. 1) . These elements comprise the MACPF-CDC domain, which now defines the MACPF-CDC superfamily. This core domain is decorated by variable surrounding structures.
MACPF-CDC pore formation
Pore formation by CDCs has been studied extensively with spectroscopy, mutagenesis, atomic force microscopy (AFM) and electron microscopy analyses (Morgan et al., 1995; Shatursky et al., 1999; Shepard et al., 2000; Gilbert et al., 2000; Czajkowsky et al., 2004; Tilley et al., 2005) . Most CDCs bind to cholesterolcontaining membranes through a C-terminal immunoglobulin-like domain (Tweten, 2005) . This initial interaction with the membrane, along with oligomer assembly, is crucial for triggering structural changes that lead to pore formation. In addition, certain CDCs, such as intermedilysin produced by Streptococcus intermedius, rely on the human cell-surface receptor CD59 in order to recognise their target (Giddings et al., 2004; Johnson et al., 2013) ; nevertheless, they still require cholesterol to complete pore formation (LaChapelle et al., 2009 ). In addition, glycan receptors have been recently identified for the CDCs streptolysin and pneumolysin (Shewell et al., 2014) , suggesting that a number of CDCs interact with cellular receptors other than cholesterol for target-cell recognition.
For most MACPF proteins, details regarding membrane interaction, binding partners or receptors are not yet known. Binding of perforin to the membrane is Ca 2+ dependent and mediated by its C-terminal C2 domain (Fig. 1B) . For the MAC, the main pore-forming component C9 binds to the target membrane through a complex that comprises six other MAC componentsC5b (a product of cleavage of C5), C6, C7 and C8 -with the latter comprising the two MACPF proteins C8α and C8β, and the non-MACPF protein C8γ (Bubeck, 2014; Merle et al., 2015) . It has been shown that this MAC complex comprising C5b-C8 is capable of forming transmembrane pores and lysing cells in the absence of C9 (Ramm et al., 1982; Morgan et al., 1986) , but the structural details and biological relevance of these lesions remain to be understood. Another fungal PFP, pleurotolysin, comprises two componentsthe lipid-binding pleurotolysin A, which is required to recruit the second component, the pore-forming MACPF protein pleurotolysin B, to the membrane surface (Tomita et al., 2004) (Fig. 1C) .
It has been established (mainly in studies of the CDC protein Perfringolysin O) that CDCs assemble into transient prepores on the membrane surface ( Fig. 2 ; Czajkowsky et al., 2004; Tilley et al., 2005 ; 
Sonnen et al., 2014
). Prepore assemblies have been observed to adopt both arc-and ring-shaped configurations, with a wide variation in curvature and number of subunits. For the CDC pneumolysin, for example, the ring-shaped oligomers can contain 30-50 subunits (Morgan et al., 1995; Tilley et al., 2005) . These assemblies have been assumed to be cyclically symmetric (30-50-fold symmetry for the above example) around a central axis of rotation. However, such large oligomers might not be sufficiently rigid or ordered to be symmetrical, as evident from electron microscopy and AFM images of CDCs (Czajkowsky et al., 2004; Tilley et al., 2005) . The subunit structure in the CDC prepore assemblies is close to that of the soluble monomer, with the convex side of the β-sheet bend facing the centre of the ring or arc (Tilley et al., 2005) . Conversion of prepores to the pore state requires an extensive conformational change in each subunit -straightening of the central β-sheet and refolding of the two α-helical regions into transmembrane β-hairpins (TMH1 and TMH2) to form a membrane-inserted β-barrel (Shatursky et al., 1999; Ramachandran et al., 2005; Tilley et al., 2005) . In CDCs, this structural rearrangement is accomplished by separation of the MACPF-CDC domain from the adjacent domains; this converts the 11-nm tall, thin molecule into an arch shape so that the protein extends only 7 nm above the membrane surface in the pore state ( Fig. 2C-F ; Czajkowsky et al., 2004; Tilley et al., 2005) .
Because of the great diversity of MACPF proteins, the structures that have so far been determined illustrate only a few examples of the variety of domains that can surround the MACPF core. Overall, the crystal structure of the perforin monomer is very similar to that of CDCs (Fig. 1A,B ), but its MACPF domain does not open up during pore formation . Because the TMH regions of perforin are twice as long as those in CDCs, there is no requirement for a subunit collapse to allow these regions to traverse the membrane and there is no change in the height of the assembly . It has been proposed that the MACPF-CDC domain in perforin pores is oriented in a manner opposite to that in CDCs, with the bent β-sheet facing away from the pore lumen. This model was derived from a low-resolution cryoelectron microscopy structure of the perforin pore, and was supported by labelling experiments .
Both CDC and MACPF prepores can be trapped by disulphide bonds that have been engineered to limit either TMH1 or TMH2 release (Hotze et al., 2001; Ramachandran et al., 2005; Leung et al., 2014; Lukoyanova et al., 2015) . This will be discussed in greater detail below.
Structural analysis of MACPF and CDC pore formation is complicated by the flexibility and heterogeneity of both the prepore and pore assemblies. Cryoelectron microscopy (see Box 1) is the method of choice to solve the structures of such large and heterogeneous assemblies, but MACPF-CDC pores tend to aggregate, making the collection of cryoelectron microscopy data extremely inefficient. This problem has limited the resolution of the structures obtained for the CDC pneumolysin (Tilley et al., 2005; Sonnen et al., 2014) and the MACPF protein perforin Praper et al., 2011) . Typically, electron microscopy maps are interpreted by fitting an atomic structure derived from X-ray or nuclear magnetic resonance (NMR) studies, or homology modelling into the electron microscopy density. With lowresolution electron microscopy maps -i.e. 20 Å and lower as for the pneumolysin cryoelectron microscopy maps generated previously (Tilley et al., 2005; Sonnen et al., 2014) , and also those generated for perforin Praper et al., 2011 ) -the domain movements cannot be assigned with confidence. As mentioned above, MACPF-CDC proteins also form arc-shaped prepores and pores in addition to ring assemblies (Sonnen et al., 2014) , which further complicates image processing of cryoelectron microscopy data.
After surveying the homogeneity of several CDC and MACPF proteins, we selected the CDC suilysin and the two-component MACPF protein pleurotolysin for our recent cryoelectron microscopy studies (Leung et al., 2014; Lukoyanova et al., 2015) that used a single particle approach (see Box 1). For both proteins, ring-shaped oligomers make up a considerable fraction of the observed assemblies (Fig. 3A) . These ring-shaped assemblies show relatively low symmetry variation -from 36 to 39 subunits for suilysin (Leung et al., 2014) and 12-14 subunits for pleurotolysin (Lukoyanova et al., 2015) , compared to the pneumolysin assemblies that range from 30 to 50 subunits (Morgan et al., 1995; Tilley et al., 2005) and those of perforin, which range from 18 to 30 subunits .
The resolution of the suilysin and pleurotolysin pore maps (10-15 Å) allowed unambiguous domain assignment, thereby clarifying the structural transitions during MACPF-CDC pore formation ( Fig. 3B-D) . In both studies, disulphide bonds were engineered to capture prepore states. Pore formation by these engineered constructs was then restored by adding a reducing agent. The suilysin rings largely comprise 37 subunits, both in the case of the disulphide-locked (Gly52Cys, Ser187Cys double mutant) suilysin prepores and wild-type pores. The height difference between the prepore and pore structures is consistent with the proposed collapse of the assembly from 11 nm to 7 nm during prepore-to-pore conversion (Fig. 3B,C) . Furthermore, similar to what has been previously shown for the CDC protein pneumolysin (Tilley et al., 2005) , pore formation deforms the membrane and imposes a ∼14°o utward bend (Fig. 3A,B) . However, the resolution of the prepore map was insufficient to define all the domains for atomic structure fitting ( Fig. 3B ) (Leung et al., 2014) . Further research is needed to establish the conformation of the TMH regions in disulphide-locked Gly52Cys, Ser187Cys suilysin prepores. Comparison of well- During prepore-to-pore conversion, TMH regions refold into transmembrane β-hairpins to form a giant β-barrel (yellow, E). This conformational change is accompanied by tilting of subunit domains (red and blue), leading to a radial expansion and a vertical collapse of ∼4 nm (compare C and E, D and F).
resolved regions of suilysin pores and prepores with the same symmetry revealed that the diameter of the CDC ring expands by 8% upon pore formation (Fig. 3B,C) . This expansion results from a change in subunit packing. In broad agreement with a previously proposed model of CDC domain rearrangement during pore formation , the fitting of the atomic structure reveals a sideways tilt of the subunits in the pore state, which places the MACPF-CDC domain of one subunit above the membranebinding immunoglobulin domain of the neighbouring subunit (Leung et al., 2014) .
The cryoelectron microscopy map of the pleurotolysin pore with 13-fold symmetry shows that the pore extends to a height of ∼10 nm above the membrane (Lukoyanova et al., 2015) . Each subunit is formed by a pore-forming MACPF pleurotolysin B molecule on top of two pleurotolysin A molecules (Fig. 3D) . The pore channel is formed by a 52-stranded β-barrel with an inner diameter of 80 Å and a height of over 100 Å. Each subunit opens up and arches toward the pore lumen, similar to what has been observed for the CDCs pneumolysin and suilysin. The central β-sheet straightens and opens by ∼70°relative to the pleurotolysin B monomer crystal structure. Similar to the perforin pore, there is no height change during pore formation because the TMH1 and TMH2 regions are long enough to form a membrane-spanning β-barrel without the need for subunit collapse.
In both the suilysin and pleurotolysin pore structures, the density corresponding to the β-barrel can be clearly identified. In an earlier bioinformatics study of large β-barrel architectures, it is shown that β-barrels are limited to discrete architectures, each with a characteristic strand tilt relative to the barrel axis (Reboul et al., 2012) . Consistent with this analysis, the diameters of suilysin and pleurotolysin pores are compatible with a ∼20°tilt of the β-strands relative to the pore axis. For CDC pores, this observation is also supported by a disulphide-bond scanning study of perfringolysin O (Sato et al., 2013) . In addition to β-sheet opening, fitting of the suilysin pore required considerable domain movements in the monomer crystal structure to accommodate the height and diameter change during pore assembly (Leung et al., 2014) . By contrast, apart from β-sheet straightening and refolding of TMH regions, the pleurotolysin B crystal structure fitted into the pore density with only minor rearrangements (Lukoyanova et al., 2015) .
Additional MACPF structures have been found for components of the MAC pore. As mentioned above, C8 is a 150-kDa three-component MACPF protein, which initiates membrane penetration and coordinates MAC pore formation. A lowresolution structure of C8 has been determined using singleparticle electron microscopy (Bubeck et al., 2011) . The structure of the intermediate MAC complex sC5b9 was also determined with electron microscopy (Hadders et al., 2012) ; this contains five MACPF proteins and acts as a template for the formation of the complement C9 pore.
More recently, the structures of a detergent-solubilised MAC pore (Serna et al., 2016 ) and a soluble C9 oligomer (Dudkina et al., 2016) have been solved with cryoelectron microscopy analyses to a resolution of 7-8 Å (Fig. 3) -the highest resolution so far achieved for MACPF assemblies. This improvement in resolution resulted from two advantages -firstly, soluble isolated assemblies are much more favourable for single-particle analysis than liposome-bound structures; and secondly, the use of direct electron detectors has provided greatly improved speed and sensitivity, and enables correction for sample motions during data acquisition. The heterooligomeric MAC pore comprises single copies of C5b, C6, C7, C8, C8β, C8γ and 18 copies of C9 ( Fig. 3E; Serna et al., 2016) . The C6, 
Electron microscopy AFM
Electron microscopy is a powerful and versatile means of obtaining images and three-dimensional (3D) structures of biological assemblies, from molecular complexes as small as 100 kDa up to whole organelles or thin (<1 µm) cell regions. The electron beam is transmitted through the specimen to give an image of the object density that is projected on to the image plane (shown on the left in the figure above). If a set of views can be obtained of the object from many angles, its threedimensional density can be reconstructed, exactly as in medical tomography. Because of recent major advances in the sensitivity and speed of electron detectors, it is now possible to determine macromolecular structures at close to atomic resolution. The main requirements for this type of structure determination are that the sample must contain a population of homogeneous assemblies that are well distributed over different view orientations, it must be vitrified (rapidly frozen so that the water is in a solid, glass-like state) and imaged with a minimal exposure to avoid damage by the electron beam. With the generation of new electron detectors, motions in the specimen caused by the incident electron beam can be tracked and corrected. Because of the low electron dose, the individual images have a very low signalto-noise ratio, but this is overcome by alignment, classification and averaging of similar views. AFM is highly complementary to electron microscopy in probing the surface structure of individual biological molecules and assemblies in aqueous solution -i.e. without freezing the sample. Hence, dynamic processes can be followed in real time at molecular and, sometimes, even submolecular length scales. AFM uses a fine scanning probe to trace the surface topography and can provide height measurements with Ångström resolution (shown in the bottom panel of the figure above). The in-plane resolution on biological samples is typically restricted to ≥1 nm, which is determined by the size of the AFM probe and the mobility of the sample. This is sufficient to recognise large biomolecular assemblies, such as membrane pores. The main requirement is that the sample must adhere to a solid ( preferably flat) support. AFM can also probe other sample features, such as mechanical and electrochemical properties.
C7, C8α and C8β components form an integral part of the MAC, and each provides a pair of hairpins, which act as a template for the geometry of C9 assembly into an asymmetric ring that can be described as a 'split washer'. The structure of the polymerised C9 homo-oligomer (Dudkina et al., 2016) shows a very similar but symmetrical assembly of 22 C9 molecules (Fig. 3F) .
Both structures reveal an unexpected role of the N-terminal thrombospondin domains of these complement proteins. These form an extensive part of the oligomerisation interface, intercalating between MACPF domains; thus, they are likely to facilitate assembly. The intersubunit thrombospondin domain interactions could also explain how additional C9 subunits can be recruited to the growing MAC oligomer subsequent to membrane insertion.
By superposition of the perforin crystal structure onto the structural model (Dudkina et al., 2016) of soluble C9 oligomer, it is clear that the perforin pore can also be modelled without the previously proposed reversal in orientation of the MACPF-CDC domain Gilbert et al., 2013) . The heterogeneity in perforin pore size and shape might be explained by the absence of the thrombospondin domain in perforin at the outer edge of the pore assembly.
Taken together, although the different pore structures highlight the similarities between MACPFs and CDCs with regard to straightening of the MACPF-CDC β-sheet, they also emphasise the considerable diversity of interactions between the MACPF core and the surrounding domains.
Cryoelectron microscopy reveals intermediate steps of pore formation
The molecular structures of key intermediates in MACPF-CDC pore assembly remain obscure, but elucidating these is necessary to fully understand the transition from a soluble monomeric form into oligomeric membrane-bound prepores and, finally, the membraneinserted pores. MACPF-CDC prepores have been imaged by engineering disulphide-locked constructs, as described above. In addition, for some CDCs, a prepore state can also be observed by reducing the temperature to slow down the prepore-to-pore transition (Shepard et al., 2000; Tilley et al., 2005) .
For the CDC proteins perfringolysin O and streptolysin O, the prepore-to-pore transition can be controlled by altering an electrostatic interaction between two residues on the subunit interface (Lys336 and Glu183 in perfringolysin O) (Wade et al., (Leung et al., 2014) , (D) a pleurotolysin pore (Lukoyanova et al., 2015) , (E) a membrane-bound MAC pore (reproduced from Serna et al., 2016) , and (F) a soluble C9 oligomer (reproduced from Dudkina et al., 2016) . Cut-away side views show fitted atomic models. Comparison of B and C shows CDC ring expansion upon pore formation. For all structures, the conserved central β-sheet of the MACPF domain is shown in red, the body of the MACPF domain is shown in grey and the TMH regions are shown in yellow. For E and F, the epidermal growth factor (EGF) domain is shown in green, and the thrombospondin domain is shown in purple.
2015). This electrostatic interaction is prevented by mutation of these residues. However, pore formation can be restored by raising the temperature or by additional mutations. Further research is needed to determine the importance of this electrostatic interaction in oligomerisation of other CDC and MACPF proteins.
For the extensively studied CDC perfringolysin O, numerous mutations have been described that lead to arrested prepore states. Each might provide insight into a particular stage of pore formation, but the order of these events and whether they are generally relevant to the pore formation mechanism is not understood. For perfringolysin O, early prepores assemble through a weak and reversible association of membrane-bound monomers, as deduced from the presence of SDS-sensitive oligomers at this stage (Shepard et al., 2000) . Conversion of this early prepore to an SDS-resistant prepore oligomer involves rotation of strand β5 of the MACPF-CDC β-sheet (Fig. 1A) , disengaging it from strand β4. This allows pairing of β4 with the β1 strand of the adjacent monomer, and initiation of β-barrel formation (Hotze et al., 2012; Dunstone and Tweten, 2012) . The importance of strand β5 mobility is highlighted by the location of the only two residues (glycine residues) that are conserved across the MACPF-CDC superfamily (Rosado et al., 2008; Dunstone and Tweten, 2012) at the bend between strands β4 and β5. Mutation of these glycine residues in perfringolysin O prevents oligomerisation (Ramachandran et al., 2004) . In MACPF-CDC proteins, these conserved glycine residues are positioned at the bend of the β-sheet (Fig. 1) and are likely to play a role in sheet straightening during pore formation. In MACPF proteins, such as perforin and C8α, this β-sheet contains only four strands. The fifth β-strand of the MACPF protein pleurotolysin has a different function and forms a part of TMH2 during pore formation (Lukoyanova et al., 2015) .
To trap one of the intermediate prepore states described, a disulphide bond was introduced between strands β4 and β5 of pleurotolysin (TMH2 strand lock, Fig. 4 ; Lukoyanova et al., 2015) . The movement of either the TMH1 or TMH2 region was limited by crosslinks to the helices in two other trapped pleurotolysin prepores (TMH1 helix lock and TMH2 helix lock, Fig. 4 ). These three trapped prepores display different degrees of β-sheet opening and indicate the molecular trajectory during pore formation. The prepore assemblies also show that the MACPF fold can oligomerise without substantial relief of the twist in the core sheet or TMH1 release. Molecular modelling has been used to analyse the trajectory of MACPF β-sheet straightening, which requires mobility of TMH2 (Lukoyanova et al., 2015) . This analysis has identified the conserved helical loop motif (Figs 1 and 4) at the top of the TMH2 region following the conserved glycine residues; displacement of this motif is proposed to trigger the conformational change that leads to pore formation. This motif or equivalent is present in all the MACPF-CDC pore proteins so far characterised, and its displacement relative to the equivalent monomer structure is best resolved in the C9 and MAC pores described above (Dudkina et al., 2016) . Straightening of the MACPF sheet results in the formation of a nascent β-barrel that acts as a template for the top-down assembly of TMH1 and TMH2 into a membrane-inserted β-barrel.
As evident from the above, electron microscopy analyses can only provide snapshots of the dynamic processes that are captured by rapid freezing. In contrast, other techniques, such as AFM can follow the dynamics of pore formation at lower spatial resolution, as discussed below.
AFM tracks MACPF-CDC assembly and membrane perforation
AFM allows the visualisation of MACPF-CDC pore formation in real time (see Box 1). It has been previously applied to perfringolysin O (Czajkowsky et al., 2004) to reveal the height change during the prepore-to-pore transition of a CDC. More recently, several AFM studies have focused on other CDCs (Leung et al., 2014; Podobnik et al., 2015; Mulvihill et al., 2015) ; these all show heterogeneous distributions of arc-and ring-shaped assemblies.
By visualising membrane removal from the lumen of suilysin and listeriolysin O assemblies, AFM studies have established that both arc-and ring-shaped assemblies can perforate the adjacent membrane (Leung et al., 2014; Podobnik et al., 2015; Mulvihill et al., 2015) . This implies that pores with an incomplete β-barrel create an unsealed edge of the lipid bilayer (Fig. 5A) ig. 4. Schematic diagram of β-sheet opening during pleurotolysin pore formation. (A) Pleurotolysin B monomer structure: TMH regions are yellow, the central β-sheet is red and the helical loop region is cyan. (B-D) Sections of the cryoelectron microscopy maps and fitted domains of the three prepore intermediates that were captured by introducing disulphide bridges ( pink spheres) between different parts of the TMH regions and the surrounding domains. Relative to its position in the monomer structure, the β-sheet opens to an angle of ∼37°in TMH2 helix lock (B); and opens further, to ∼49°, in TMH1 helix lock (C) and in TMH2 strand lock (D). (E) Pore model with a 70°-opened β-sheet and membrane-inserted TMH regions. The monomer crystal structure is superimposed on the pore to show the full extent of sheet opening. The colour scheme matches that described in Fig 1, and yellow dashed lines represent disordered TMH regions. This figure has been reproduced from Lukoyanova et al., 2015. assemblies are functional in pore formation, confirming a previously contentious proposition (see, for example Gilbert, 2005; Gilbert et al., 2014 ) that had been posed based on electrophysiology experiments (Marchioretto et al., 2013) and more recently on cryoelectron microscopy analysis of pneumolysin arcs (Sonnen et al., 2014) .
When wild-type suilysin is injected into the solution above the membrane, membrane-inserted pores form within seconds (Leung et al., 2014) . Once the suilysin assemblies have transformed into the pore state, they do not show any further change or growth. Furthermore, upon subsequent injections of suilysin monomers in solution, new pore assemblies appear, but no growth was observed for any previously formed pore assemblies (Leung et al., 2014) . However, when arc-shaped pore assemblies of listeriolysin O are incubated at 37°C for up to several hours, they continue to move and merge in some cases, resulting in larger lesions of the membrane (Podobnik et al., 2015; Mulvihill et al., 2015) . Hence, the prepore-to-pore transition inhibits further assembly, but in some cases, separate pore assemblies can join together to form large holes in the membrane.
To study CDC assembly and the prepore-to-pore transition in more detail, AFM and negative-stain electron microscopy were combined to study a disulphide mutant of suilysin (Hotze et al., 2001; Leung et al., 2014) . Using this construct, pore insertion could be triggered by addition of reducing agent and followed in real time. This mutant, which behaves as the wild type once reduced, therefore allows a more quantitative analysis of prepore assembly and pore formation (Leung et al., 2014 ; see also Fig. 5A, inset) . The prepore assembly was found to occur through the addition of monomers or of small oligomers to the growing oligomers; growth is arrested when monomers on the membrane surface are depleted. In a subsequent step, the prepore assemblies insert into the membrane as summarised in Fig. 5B (Gilbert, 2005) .
Experiments on perfringolysin O show that the CDC preporeto-pore transition is rapid compared to a preceding phase that includes CDC diffusion, subunit binding to the membrane and nucleation of prepore assemblies on the membrane (Tweten, 2005; Hotze et al., 2012; . Subsequent AFM experiments have provided further mechanistic details of the membrane insertion process. In particular, mixing the disulphide-locked mutant with wild-type suilysin inhibited the prepore-to-pore transition in a concentration-dependent manner, and subsequent exposure to DTT, allowing the mutant to insert into the membrane, restored normal pore formation for all assemblies (Leung et al., 2014) . This initial inhibition and subsequent restoration of function demonstrate that wild type and mutant coassemble, as expected. From the inhibitory effect of the mutant on pore formation at equal concentrations of wild-type and mutant suilysin, it follows that the prepore-to-pore transition requires a concerted conformational change and cooperative insertion of all subunits into the suilysin assembly. This is consistent with earlier findings for perfringolysin O (Hotze et al., 2002; Hotze et al., 2012) .
AFM has also provided a direct time-resolved visualisation of the prepore-to-pore transition of suilysin (Leung et al., 2014) . Because suilysin prepores are mobile, they can only be resolved with AFM at low temperature. At room temperature, they appear as streaks in the AFM images (Fig. 5C) . Within a minute after DTT addition to disulphide-locked suilysin prepores, AFM images of the diffuse rings and arcs become progressively clearer and sharper. At the same time, the rings adopt a reduced height that is typical of a CDC pore state (Fig. 5C ), which establishes that the sharper AFM appearance correlates with membrane insertion. These AFM experiments have also revealed that material, assumed to be lipids, is ejected from the membrane during CDC pore formation. Consistent with this interpretation, some of the time-lapse sequences show a subsequent re-absorption of lipids, transiently forming plateaus on top of the membrane with a height that is consistent with the thickness of an additional lipid bilayer (Leung et al., 2014) . Further research into the MACPF prepore-to-pore transition will be needed to establish whether the mechanisms of pore formation discussed here are conserved across the superfamily. Thus far, AFM experiments performed on perforin show similar heterogeneous distributions of arc-and ring-shaped assemblies (Metkar et al., 2015) ; in this case, correlation with electrical-conductivity measurements indicates that arc-shaped perforin assemblies, like suilysin, also perforate the membrane.
Conclusions and future directions
The mechanism of CDC pore formation involves refolding of α-helices into transmembrane β-hairpins, as originally proposed on the basis of spectroscopic probe experiments (Shatursky et al., 1999) . Since then, this model has been supported by numerous observations made using spectroscopy, AFM, electron microscopy and other techniques. More recently, it has become clear that MACPFs and CDCs are structurally homologous and broadly follow the same basic pore-formation pathway. A common key regulatory feature is the displacement of the helical loop motif adjacent to the bend in the core β-sheet following the conserved glycine residues. In CDCs, this motif includes strand β5, which seals the edge of the central β-sheet in the monomer and plays an additional regulatory role. However, despite these advances in understanding MACPF-CDC pore formation, many structural and mechanistic details of MACPF assembly and conformational transitions remain to be understood. High-resolution structures of MACPF-CDC pores and prepore intermediates are required to fully understand what triggers pore formation. This knowledge is also crucial for developing approaches to arrest pore formation by MACPF-CDC proteins, for example, to block pathogen invasion and proliferation.
